ABSTRACT Increasing demand for small unmanned aerial vehicles (UAVs) in the logistics and rescue fields, which are closely related to urban environments, has been accompanied by an increase in impact risk to people and property. However, safety regulations for small UAVs in urban areas have not yet been well established, and there are very few studies investigating the collisions between UAVs and building structures that could occur in an urban area. In this study, experimental and numerical investigations are conducted to evaluate the damage resulting from a UAV collision with heat-strengthened glass, a widely used building exterior cladding. Commercially available UAVs were impacted into a series of glass panels at various speeds and angles. The collision processes were recorded with a high-speed camera, and the impact forces of the UAVs were measured using dynamic force sensors. A numerical model of the UAV was then developed to simulate the impacts using the finite element method and verified by comparison with the experimental results. The collision tests performed in this study are expected to provide primary data for establishing UAV safety regulations, and the verified numerical model can be applied to evaluate various collision scenarios for the different UAVs.
I. INTRODUCTION
The use of small unmanned aerial vehicles (UAVs) has proliferated in populated areas in recent years. However, this emerging industry has faced significant challenges in establishing regulations and standards to ensure the safety of UAV operation [1] . Such challenges have led aviation safety regulators to undertake and promulgate a comprehensive risk assessment [2] , [3] . A priority task of this risk assessment is to recognize what risk factors exist and how to classify them. Two primary hazards have thus far been identified: 1) Collision between a UAV and another aircraft.
2) Controlled or uncontrolled impact of a UAV with people or structures on the terrain [4] , [5] . Some research on the former hazard has been reported. Song and Schroeder investigated a method for quantifying risk using a computational method to evaluate UAV ingestion into a high-bypass commercial jet engine [6] , [7] . Additionally, the European Aviation Safety Agency (EASA)
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and Civil Aviation Administration of China (CAAC) have conducted collision tests to estimate the damage to cockpit windshields by UAV strikes [8] , [9] . Recently, more studies have concentrated on the latter hazard as the use of small UAVs has significantly increased in urban areas. Many emerging UAV applications such as logistics and surveillance require safe operation of small UAVs in densely populated cities [10] . Accordingly, UAV collision avoidance algorithms have been intensively studied. There are various collision avoidance systems for UAVs in accordance with the installed sensor types and selected avoidance algorithms [11] . However, numerous defects including signal loss, insufficient battery capacity, and unskilled operation still remain. Besides, in urban areas, small UAVs are also particularly vulnerable to wind gusts around high-rise buildings [12] . A variety of sensors and high-performance components are required to inhibit all the risks associated with extensive UAV usage, but such a complete collision avoidance system raises costs and difficulty in implementation. Even with such collision avoidance systems, both people and property can be exposed to potential UAV crashes or falls. VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/
To approach this problem proactively, researchers have estimated the extant risks of UAV operation. Dalamagkidis et al. computed the probabilities of fatalities and the fatality rates with respect to UAV ground impact using a risk-based assessment [13] , [14] . La cour et al. asserted that a UAV mass greater than 250 g would be lethal to a human being [15] . They also proposed a preliminary methodology capable of calculating an optimized flight path and altitude for a specific UAV to minimize the probability of fatalities [16] . Geofencing, based on a topological method, has been another approach to reduce the risks due to UAV operations in densely built-up areas. Many countries stringently regulate the minimum distance UAVs must maintain from people and human-made structures, ranging from 30 m to 150 m. However, it is predicted that these conservative restrictions may restrain the airspace available to UAVs, potentially causing aerial traffic congestion in the future. To accommodate the potential for increasing UAV numbers, a more practical and rational geofence is necessary to ensure usable or operable flight [17] . Although researchers have endeavored to mitigate the potential risk due to the operation of small UAVs in theory, a certain degree of predictable risk is unavoidable [18] . In essence, the problem is that commercially available UAVs currently do not have sufficient control autonomy to operate without some degree human supervision [19] .
Realizing the limits and high uncertainty of theoretical studies, researchers have garnered extensive data that accurately define the potential UAV damage to people and property through experiments [20] . There are two notable studies that have measured the impact energies and fatalities due to collisions between small UAVs and people. Koh et al. suggested that weight thresholds be limited to within a range harmless to people, determined by falling impact tests from various heights onto a human dummy [21] . Campolettano et al. performed falling impact tests as well as airborne flight tests. In the airborne flight tests, the effectiveness of the tests was limited by extensive energy dissipation during impact on account of the geometric features of the human dummy used, leading to a non-centric effect [22] .
Few studies focusing on UAV damage to structures have been reported. When operating small UAVs in urban areas, one of the most significant hazards is a collision with a building. Laminated glass or monolith glass cladding is a nearly ubiquitous material on the exterior of buildings in South Korea, and it is more vulnerable to airborne flight impact than other structural materials. Laminated glass is typically made up of two or more layers of glass panels sandwiching one or more multiple layers of polymer sheeting. Several types of glass including float glass, heat-strengthened glass, and tempered glass are used as the glass layers depending on their application [23] . If a UAV were to penetrate a glass window, it would pose a severe threat to the people inside the building. Despite the recognition of such a lethal risk, there have been few studies on the impact risk assessment of UAVs against glass. Both ASTM [24] and US DoD UFC [25] standards indicate that such laminated glass windows are nominally 6.75 mm thick with two 3 mm thick glass panels bonded with a 0.75 mm thick polyvinyl butyral (PVB) interlayer. Accordingly, in this study, the effects of a UAV impact on heat-strengthened glass panels of different thicknesses (3 mm, 5 mm, and 8 mm) were evaluated. Heat-strengthened glass panels were used instead of laminated glass because the interaction between the glass and the interlayer in laminated glass could result in a lower transfer of energy from the UAV impact to the force sensors. In the experiments conducted in this study, the applied forces on and failure shapes of the glass panels were obtained using dynamic force sensors that measured the time-dependent force at the corners of a rectangular glass target and a high-speed camera that recorded the collision responses at a speed of 6,900 frames per second (fps), respectively. The fracturing or non-fracturing of the glass was also observed under various impact conditions by changing the impact velocities and angles of human-operated UAVs. Using the results of these tests, we then propose a probability of failure function by modifying the blunt criterion (BC) and apply it using a finite element analysis that is demonstrated to be in good agreement with the experimental results. This verified numerical model will be useful for estimating the risk of fatality or damage due to structure impact by many different types of UAVs.
II. THEORETICAL BACKGROUND

A. INJURY CRITERIA
There are various criteria for predicting the damage not only to UAVs but also due to collisions between moving objects with mass and velocity. A moving object has both momentum and kinetic energy, and thus generates an impact force during a collision. In this section, the injury criterion used to estimate the damage to the target is probabilistically established based on the physical parameters of the UAV and target.
1) ABBREVIATED INJURY SCALE (AIS)
The abbreviated injury scale (AIS) is a widely-used injury criteria that classifies the probability of a person being killed in a traffic accident. It was the first anatomical scoring system proposed in the 1970s when the trauma system was initially established in the United States. The AIS was created in 1971 to define the types and severity of car traffic accidents, and the current AIS code has been refined through five revisions. The AIS code describes damage and degree of severity on a scale from 1 to 6, where AIS 1 indicates minor injuries, AIS 5 indicates the most critical injuries, and AIS 6 indicates injuries considered impossible to survive. Many studies have been conducted to convert physical quantities such as kinetic energy, momentum, or impact force into the AIS scale [21] . In this paper, the potential risk of UAV collision can also be presented based on the AIS scale by indirectly calculating it by use of the kinetic energy and impact force, even though the AIS is typically only calculated for impacts with human subjects.
2) BLUNT CRITERION
The blunt criterion (BC) is a factor that predicts the probability of fracture considering the characteristics of the projectile and target based on the kinetic energy. However, it is difficult to accurately estimate damage using only kinetic energy. When a projectile collides with an object, the resulting damage depends on its size, shape, and impact position. Therefore, the criterion is written as follows:
where M is the mass of the projectile (in kg), V is the velocity of the projectile (in m/s), D is the diameter of the projectile (in cm), W is the mass of the impacted body (in kg), and T is the thickness of the body wall (in cm).
The correlation between the BC predictor and fracture could potentially be estimated using logistic regression [26] . In this study, the BC is utilized to predict the destruction of glass panels due to UAV collisions. Because the BC is calculated considering the diameter of the projectile, we can modify the BC for the UAV collisions by accommodating the kinetic energy of the UAV and size of the target structure as follows:
where m is the mass of the UAV (in kg), v is the velocity of the UAV (in m/s), b and h are the width and height of glass panel target (in m), respectively, and t is the thickness of the glass panel (in mm).
B. AIRCRAFT IMPACT SIMULATION 1) RIERA METHOD
Aircraft collision experiments are difficult to perform directly due to their extremely high cost. Therefore, aircraft collision tests are typically focused on specific components such as the engines or fuel tanks. The responses to collision are then predicted based on numerical analyses. Riera proposed a method for estimating the force due to an aircraft strike using the law of momentum conservation [27] as follows:
where x(t) is the collision length of the aircraft, P b (x) is the static load of the airframe (excluding the engine) axially located at a position x, µ(x) is the mass per unit length at position x, v(t) represents the speed of the aircraft, and P(t) is the reaction force between the collapsing aircraft and a rigid surface. The load functions proposed by Riera include several assumptions, including that the target surface is rigid, the longitudinal direction of the aircraft is perpendicular to the target surface, and the aircraft material exhibits perfectly plastic behavior. Sugano et al. improved this load function by applying a strength reduction factor α to Riera's equation with a suggested value of 0.9 [28] as follows: The modified Riera method has the advantage of estimating the impact force of the aircraft using the initial velocity, stiffness, and mass distribution of the aircraft, but it is difficult to apply this method to the prediction of UAV impact force because the UAV does not perpendicularly collide with the face of the structure.
2) UAV-TARGET INTERACTION ANALYSIS
The Riera method indirectly calculates the impact force through its assumptions, while it is able to directly calculate the impact force of an aircraft using a finite element method (FEM) analysis. In structural engineering, an FEM analysis solves a mathematical model by iterative numerical approximation using defined material properties and boundary conditions [29] . In order to verify a developed numerical analysis, the analysis results must be compared with those of an experiment or different analytical solution. Such a numerical model is useful for obtaining the results of many different collision scenarios under various parameters without incurring additional cost. Additionally, it is difficult to conduct collision tests with an exact UAV collision velocity and angle, while such variables are easily controlled in a numerical simulation.
III. EXPERIMENTAL SETUP AND RESULTS
A. EXPERIMENTAL SETUP
The multi-purpose, widely used DJI-F450 UAV model was selected as the impact source in this study. This DJI UAV weighs 903 g with a wheelbase length of 450 mm and four propellers. Fig. 1 shows the components of the DJI-F450, including the arm frames, rotors, propellers, signal receiver, GPS module, flight controller, and battery. The UAV was configured using the F450 kit including DJI 2312E rotors with a velocity constant of 960 kV, E 430 lite electronic speed controllers (ESC), and the DJI 9450 self-tightening propellers. The DJI Naza-M Lite flight control system, which includes a 3-axis gyroscope, 3-axis accelerometer, and barometer in its main controller, was used as the UAV flight controller and provided three control modes: attitude, GPS, and manual. In attitude mode, the flight controller automatically maintains the altitude of the aircraft, GPS mode maintains both the altitude and position, and manual mode provides automatic calibration but allows flight without any restrictions. Considering the need for an accurate collision at the center of target, attitude mode flight was selected for use in this study.
The Naza-M Lite flight controller has a maximum tilt angle of 35 • in attitude mode for stable flight, and the maximum speed during the experiment was about 18 m/s. A Futaba 18SZ transmitter and a TAROT 8-channel Futaba S-FHSS compatible receiver were used for communication and control. A Tattu 4-cell Lithium polymer battery, 14.8 V with a capacity of 1550 mAh, was mounted in consideration of the requirements of the flight controller, rotor, and ESC. A relatively light and small capacity battery was used because the experiments did not require a long flight time.
The jig structure used to hold the collision target, shown in Fig. 2 , consisted of two steel frames designed to mount the heat-strengthened glass panel and a support structure comprised of H-beams to hold the steel frames. The glass target was 1240 mm × 1240 mm and the various thicknesses of the target glass were accommodated using various bolt lengths. The support structure was made of nine SS400 steel H-beams with a nominal size of 100 mm × 100 mm and assembled by bolting. Fig. 2a shows the three-dimensional geometry of the jig structure designed by the commercial modeling program SolidWorks. The steel frames sandwiching the glass were installed in front of the support structure. A total of four force sensors were then installed between the back of the steel frame and the support structure. Linear guides were placed at the bottom of the rectangular frames to induce sliding, minimizing the kinetic energy loss due to the frictional force during impact.
Using a high-speed camera (Phantom V611), the interaction between the glass and UAV was recorded at a speed of 6,900 fps from the diagonal, as shown in Fig. 2b . Another digital camera was located to the side of the target to measure the impact velocity and angle at 240 fps during the collision. A total of six poles, placed on a reference line at 1 m intervals for 5 m ahead of the target, were used to obtain the velocity. The impact velocity was determined by observing the travel distance of the UAV relative to the poles in each frame captured by the camera. The reference line was installed on the right side in advance of the target structure to help direct the UAV to collide at the center of the target. Images captured by the high-speed camera before and after the UAV collision with the glass panel: (a) Tilting UAV immediately before front rotor collision; (b) unbroken target panel after front and rear rotor collisions at low UAV velocity; (c) fracture due to front rotor collision, which was frequently observed for thin panels; and (d) fracture due to rear rotor collision, which was frequently observed for thick panels.
The impact loads were measured by force sensors. Four PCB 208C05 dynamic force sensors made by PCB Piezotronics with a compressive force capacity of 22.24 kN were placed at the corners of the target to measure the dynamic load during impact. When the force sensors were compressed, an electrostatic charge proportional to the external force was generated, and output as a voltage signal. This signal was then transmitted to a dynamic data logger at a sampling rate of 5 kHz. The data measured by the four force sensors were integrated to calculate the total impact force due to the UAV collision.
In order to protect the high-speed camera and the dynamic data logger from the fragments of glasses, shockproof and transparent walls made of polycarbonate material were installed.
B. EXPERIMENTAL RESULTS
The experimental results are comprised of an analysis of the glass fracture shape due to UAV collision, the development of a failure probability function, and an impact force analysis. First, Fig. 3 shows images from the high-speed camera, which was able to obtain one image every 144 µs, just before and after the UAV collision with the glass target. Fig. 3a was taken before the collision from the side of the target structure, in which it can be seen that the UAV collided with the glass panel at an angle, and the front two rotors touched the surface of the glass simultaneously. No destruction of the glass due to the rotation of the propellers was observed in these experiments. While sharp propellers can damage soft tissues such as skin, propellers of small UAVs rarely cause direct damage to structure exteriors such as glass or concrete. Instead, it has been observed that the front propellers behave like a bumper during impact with a hard surface, breaking or bending between the relatively stiff rotor and the impacted structure. Fig. 3b shows the moment of rear rotor collision after the UAV had rotated forward due to the front rotor collision. For experiments with sufficiently thick glass and low impact velocity, neither the front or rear rotor collisions resulted in glass panel fracture. Fig. 3c shows the failure of a thinner glass panel due to front rotor collision. In this case, the people inside the building would be exposed to risk not only due to collision impact causing unstable flight and malfunctions of the UAV, but also due to the fragments of glass caused by the impact. Fig. 3d indicates that glass panel damage occurred as a result of the rear rotor collision after the flipping motion of the UAV when the front rotor collision did not break the glass. The failure of the glass due to rear rotor collision was observed when the UAVs impacted the glass at high speed. The velocity and tilting angle of the UAV were found to have a linear proportional correlation, shown in Fig. 4 . As the tilting angle increased, the impact force of the rear rotor was larger than that of the front rotor on account of the substantial angular momentum generated by the flipping motion. Therefore, in the case of thicker glass panels, failures were mainly observed due to the rear collision shown in Fig. 3d because thicker glass requires a higher kinetic energy to break.
The fracture probability of the glass panel was predicted based on the modified blunt criteria in Eq. (2). Due to the inherent characteristics of heat-strengthened glass, the strength of each glass panel was not consistent. The characteristics of the glass also depends on the temperature, humidity, and variation in the collision position during each impact. Therefore, a statistical approach to capturing the fracture probability was required. In Fig. 5 , the black dots at the top and bottom of the horizontal axes represent the results of 98 collision tests. For each collision, the BC was calculated using Eq. (2) and the probability of fracture was set to 1 if the glass panel was broken and 0 if it was not. A logistic regression was then performed using non-commercial statistical computing software R with the results shown in Fig. 5 for a 95% confidence interval. The probability function of fracture was calculated by:
where P is the probability of fracture and q(BC) = −4.5854×BC+11.1656. The non-parametric model in Fig. 5 was generated using the certainty method model proposed by Mertz [30] . The significance level of the logistic regression was set to p < 0.05, and the p-value of the model was 3.37e −06 , which indicates that the model was statistically significant. From the probability of fracture function, a risk of failure of 50% was calculated when BC = 2.435. Fig. 6 shows the maximum measured impact forces with respect to the velocities of the UAVs. In the initial stage of the experiment, 33 tests were performed without force sensors to determine the critical velocity at which the destruction of the glass targets began to occur. These data were only used to estimate the failure probability function of the glass targets. Then, 65 experiments were performed with the force sensors installed to measure the impact load, and the results of these tests are plotted in Fig. 6 , in which the red circles represent the occurrence of a fracture. Note that the measured maximum forces at fracture were smaller than the forces in other tests, indicating that nontrivial portions of the kinetic energies of the UAVs were transferred to the fracture energies and kinetic energies of the fragments.
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The AIS criteria are used to classify human injury level when a moving object directly impacts a human body. Although this study is focused on UAV collisions with the exterior glass of a structure, it can be indirectly estimated the particular AIS level corresponding to its measured impact force and kinetic energy of the UAV, providing an additional quantification of the severity of impact. The maximum speed of the DJI F450 UAV in this experiment was 18 m/s as shown in Fig. 4 . Sturdivan et al. suggested an energy threshold of 49.5 J for AIS 3 and 99 J for AIS 4 [26] . These energy values are equivalent to UAV velocity thresholds of 10.5 m/s for AIS 3 and 14.8 m/s for AIS 4. Thus, the 903 g UAV can be indirectly predicted to pose a risk level between AIS 3 and AIS 4 in terms of its initial kinetic energy. For an AIS skull fracture test, the force thresholds were 5.5 kN for AIS 3, and 11 kN for AIS 4 [31] . In this research, the maximum impact force was 7.8 kN as shown in Fig. 6 , which is classified as AIS 3. The force and energy thresholds of the AIS criteria suggested in past research have been defined through skull fracture tests, and so it is difficult to directly apply the AIS criteria to the experiment results performed with impacts to a glass structure. However, as for the results of these experiments, it is expected that the impact of the 903 g UAV could represent an AIS 3-4 hazard.
For tests conducted using 3 mm thick panels at velocities from 3 to 6 m/s, the velocity and maximum force were proportional. In these tests, the maximum load was observed at the moment of front rotor collision from images captured by the high-speed camera. For tests conducted using 8 mm thick panels and velocities greater than 12 m/s, the maximum load was measured at the moment of rear rotor collision using images from the high-speed camera. For tests conducted on 3, 5, and 8 mm thick panels at velocities between 6 m/s and 12 m/s, the maximum impact force was observed to be evenly dispersed by repeated collisions. In this velocity region, all collisions were conducted twice. Fig. 7 illustrates the time-dependent force exerted on the force sensors when the UAV collided with the 8 mm thick panel at a velocity of 13.7 m/s. The time t 1 represents the moment at which the front propellers reached the glass panel, t 2 represent the time at which the front rotors collided with the panel, and t 3 represents the time at which the rear rotors collided with the panel. Vibration of the panel was observed due to the rotation of the propellers, and the load was observed to increase immediately after each collision. Although the maximum force was observed during the rear rotor collision, the impact force due to the front rotor collision was also considerably large. For velocities between 6 m/s and 12 m/s in Fig. 6 , the maximum force can be observed to be widely distributed due to the nature of the impacts depending on the UAV velocity and angle. Therefore, a numerical approach is required to determine the effects of these variables in detail. In this study, only the cases in which the velocity and impact angle exhibited a linear correlation, as determined from Fig. 4 , were numerically investigated. In practice, as UAVs may confront unexpected climatic conditions such as wind gusts and turbulence during the flight, it is difficult to assure that UAVs always cruise in the linear correlation of the impact velocity and angle. Since such unexpected conditions are difficult to implement in experiments, numerical modeling is essential to complement this limit. Consequently, we verified the numerical model by comparing the results of the experiments with those of the numerical simulation in Section IV.
IV. NUMERICAL ANALYSIS
The important variables determining the characteristics of the UAV crash scenario are the type and weight of the UAV, the impact velocity, the impact angle, and the nature of the impact target. Evaluating the relative influences of all these variables simultaneously using field tests is a demanding task. The numerical approach applied in this study has the advantage of addressing such field test limitations and is capable of estimating risk under a wide variety of crash scenarios. In this study, the UAV impacts were evaluated using FEM analyses and verified by comparison with the experimental results. The numerical models were developed based on the DJI-F450 UAV model and the target glass used in the experiments. The nonlinear finite element analysis platform LS-DYNA [32] , which has a large library of material models and element formulations, was employed to perform the UAV impact analyses.
A. NUMERICAL MODEL 1) UAV AND TARGET MODEL
The 3D geometry of the DJI-F450 UAV established in SolidWorks was converted into a finite element mesh for the numerical analysis using LS-DYNA and is shown in Fig. 8 . The main components of the UAV that affect the collision response are the frame arm, main body, battery, and rotors. Ineffective components such as the ESC, signal receivers, GPS module, flight controller, and wires were omitted for modeling convenience, and the total weight of the omitted parts was added to the weight of the battery. The entire UAV model was discretized by 150,000 hexahedral elements of about 2 mm, except the propellers, which consisted of 10,000 tetrahedral elements of 3 to 4 mm. The material properties of the UAV components are summarized in Table 1 . The mechanical behavior of each material was described using the plastic kinematic material model, which employs a bi-linear elasto-plastic constitutive relationship. Components of the UAV were constructed as separate parts and assembled in the model by applying the tie function at their contact surfaces.
The numerical models of the jig and target consisted of a glass panel, a pair of steel frames, and bolts for mounting the frames to the glass panel. The glass panel was located between the two steel frames and fixed by bolts using the contact function so that these elements behaved identically. The different thicknesses of glass (3 mm, 5 mm, and 8 mm) and the steel plates used in the experiment were modeled using hexahedral elements. For the boundary conditions, all degrees of freedom of the four nodes at the location of the force sensors were restricted, and the time histories of the impact forces were extracted from these nodes during the analysis.
At the beginning of the collision response, the front propellers collided with the target glass and warped. After the front rotors crashed into the glass, the UAV rotated forward and the rear rotors collided with the glass. Thus, the front propellers were destroyed at the beginning of the collision and lost their momentum. However, the rear propellers preserved their momentum until they collided with the glass. Accordingly, during the collision, the rear parts of the UAV further accelerated and collided with the glass at a significantly higher velocity than the initial impact velocity. In order to take this into consideration, an additional acceleration was applied to the rear rotors.
Glass strength depends on the presence of micro-flaws on the glass surface induced by the manufacturing process and weathering during the service life of the glass [33] . Thus, the glass strength varies and is generally assumed to follow a Weibull distribution. Theoretically, the strength of glass is between 15 GPa and 21 GPa [34] , but is often less than 100 MPa in reality. To address this discrepancy, Zhang et al. conducted a parametric study with respect to several different glass strengths (60 MPa, 90 MPa, and 120 MPa) [23] . Since the strength of glass is hardly known, we assumed it to be 80 MPa; the maximum failure strength commercially available [35] . The elastic modulus of the glass used in the field test was calculated from the density and wave velocity, which were measured from a 7.7-mm thick laminated glass plate sample. The wave velocity was calculated by measuring the time delay of the wave passing through this glass plate, as shown in Fig. 9 .
B. NUMERICAL RESULTS
Using the detailed FEM model of the UAV and target, two representative collision cases were selected and their time histories of impact forces were analyzed for comparison with the experimental results to verify the accuracy of the numerical model. The FEM-modeled UAV impact force was evaluated for thick glass panels in which no fracture occurred, and for thin glass panels that were destroyed in the experiments. The sensors used to measure the dynamic force during the collision are shown in Fig. 10a . Due to the bending of the target during the collision, shown in Fig. 11 , the impact force was not accurately applied solely in the axial direction of the force sensor; a normal force and tangential force were also simultaneously applied, as illustrated in Fig. 10b. 
1) UAV IMPACT SIMULATION WITH THICKER GLASS PANEL
To verify the numerical UAV model, the experimentally measured time history of impact force was compared with the numerical results. In this case, the numerical analysis was performed for an impact velocity of 13.7 m/s, an impact angle of 36.6 • , and an 8 mm thick glass target.
The impact forces were extracted from the nodes at the four corners of the target model where the force sensors were located. The normal force, shown in Fig. 12a , exhibits a slightly negative value immediately after the collision and a total of four peak values as the respective pairs of front and rear rotors collide with the target. The peak values can be distinguished separately because the front and rear rotors did not collide simultaneously in either the experiment or the simulation. The tangential force, shown in Fig. 12b , gradually increases until 30 ms after the collision, then decreases thereafter. It is posited that the tangential force increases with the bending of the target and decreases with the recovery of the deformation of the target.
The force sensors used in the experiments were designed to measure only axial impact forces. Therefore, the bending moment induced by off-axis loading introduced errors in the measurement [36] . The measured tangential force was used to calibrate the normal force measured in the experiments due to the bending moment induced by the off-axis impact location. The force in the tangential directions (x and y) were taken into consideration using the coefficient α to quantitatively scale their effect on the total impact force. By comparing the normal and tangential forces measured in the numerical analysis with those measured during the experiment, it was determined that the about 10% of the total tangential force was measured by the piezoelectric force sensor due to the bending moment. As a result, the total force applied to the force sensor was defined as F tot = F nor + αF tan where F tot is the total force, F nor is the normal force, F tan is the tangential force, and α is the tangential force coefficient with a value of 0.1.
When considering only the normal force, the third and fourth peak values in Fig. 13 were found to be underestimated compared to the test results, but the total impact force history indicates good agreement when considering the normal force together with the tangential force. Thus, the maximum impact forces from the numerical simulation and experiment are similar after considering the tangential forces. However, there still exist differences in the times at which the maximum forces occur due to the slightly different conditions in the field test and simulation. In the numerical analysis, the UAV has a perfectly symmetrical shape, and therefore flies without shaking. Consequently, the two front and two rear rotors collide with the glass panel at the same respective moments. However, in the experiment, it is not possible to perfectly synchronize the moments of collision. In fact, there is a short time difference between the collisions of each front rotor as well as each rear rotor. Overall, this discrepancy in impact moments does not significantly affect on the measured maximum impact forces. 
2) UAV IMPACT SIMULATION WITH THINNER GLASS PANEL
A numerical simulation was also performed using 3 mm thick glass, an impact velocity of 12.7 m/s, and an impact angle of 36.7 • to evaluate its consistency with an experiment of the same parameters in which the glass panel failed. As in the experimental observations, cracks were initiated in the glass panel due to the collision of the front rotor, and further fragmentation of the glass occurred at the collision position of the rear rotor, as can be seen in Fig. 14, confirming the accuracy of the numerical model.
V. SUMMARY AND CONCLUSIONS
In this study, we develop a new method for estimating UAV impact risk and evaluated it both experimentally and numerically. The blunt criterion is introduced and modified to estimate the probability of glass panel fracture by UAV collision. Using a series of impact tests, the failure modes and associated impact forces are evaluated, and a numerical model is developed and verified by comparison with the experimental results. We found that both the impact velocity and impact angle are major factors influencing the impact responses of glass. The results of the numerical analysis show that the time history of the impact force and the parameters that result in the destruction of the target are in good agreement with the experimental results. Thus the numerical model accurately predicts the responses of glass panels to UAV impact. It is expected that the results of the impact tests and modified blunt criterion presented in this paper will be useful in evaluating the collision risk presented by UAVs used in various fields, and further case studies of the numerical model will be performed to predict the risk of various impact cases that are difficult to evaluate in field tests. The current study was limited to the use of a single type of UAV, the DJI F450, weighing 903 g, due to time and budget constraints, but in order to advance the knowledge required for the comprehensive estimation of the damage due to UAV impact, further tests using different UAVs of various sizes and masses have been planned for future research. A sequential increase in the weight and size of UAVs will be beneficial by accumulating knowledge to form a basis for a comprehensive UAV impact study.
